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Hypothalamic tanycytes, a radial glial-like ependymal cell population that expresses numerous genes selectively enriched in embryonic
hypothalamic progenitors and adult neural stem cells, have recently been observed to serve as a source of adult-born neurons in the
mammalian brain. The genetic mechanisms that regulate the specification and maintenance of tanycyte identity are unknown, but are
critical for understanding how these cells can act as adult neural progenitor cells. We observe that LIM (Lin-11, Isl-1, Mec-3)-
homeodomain gene Lhx2 is selectively expressed in hypothalamic progenitor cells and tanycytes. To test the function of Lhx2 in tanycyte
development, we used an intersectional genetic strategy to conditionally delete Lhx2 in posteroventral hypothalamic neuroepithelium,
both embryonically and postnatally. We observed that tanycyte development was severely disrupted when Lhx2 function was ablated
during embryonic development. Lhx2-deficient tanycytes lost expression of tanycyte-specific genes, such as Rax, while also displaying
ectopic expression of genes specific to cuboid ependymal cells, such as Rarres2. Ultrastructural analysis revealed that mutant tanycytes
exhibited a hybrid identity, retaining radial morphology while becoming multiciliated. In contrast, postnatal loss of function of Lhx2
resulted only in loss of expression of tanycyte-specific genes. Using chromatin immunoprecipitation, we further showed that Lhx2
directly regulated expression of Rax, an essential homeodomain factor for tanycyte development. This study identifies Lhx2 as a key
intrinsic regulator of tanycyte differentiation, sustaining Rax-dependent activation of tanycyte-specific genes while also inhibiting
expression of ependymal cell-specific genes. These findings provide key insights into the transcriptional regulatory network specifying
this still poorly characterized cell type.
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Introduction
Gliawithin theCNS, composed primarily of astrocytes, oligoden-
drocytes, and microglia, make crucial contributions to the for-
mation, operation, and adaptation of diverse neural circuitries
(Allen and Barres, 2009). Additional specialized glial subtypes
play essential functions critical for homeostatic regulation. No-
tably, the ventrobasal hypothalamus, along with the retina and
other circumventricular organs, are unique among adult CNS
regions in retaining large numbers of radial glial-like tanycytes
into adulthood, which comprise the great majority of ventricular
cells (Millhouse, 1971, 1972; Rodríguez et al., 2005). These hypotha-
lamic tanycytes regulate energy homeostasis and metabolism
(LechanandFekete, 2007;Gaoet al., 2014;Lee andBlackshaw,2014)
throughmultiplemechanisms. These include the detectionof nutri-
ent signals in the CSF and blood (Bolborea andDale, 2013), control
ofneurohormonerelease (Sa´nchezet al., 2009), transcytosisof leptin
(Ballandet al., 2014),nutrient-dependent regulationofblood–brain
barrier permeability (Langlet et al., 2013), and, strikingly, by acting
in some cases as neural progenitor cells (Lee et al., 2012, 2013, 2014;
Haan et al., 2013; Robins et al., 2013). The transcriptional regulatory
network that permits tanycytes to retain these progenitor-like attri-
butes is unknown, but is critically important to understanding the
mechanisms underlying their unique plasticity.
To identify key developmental regulators of tanycyte spec-
ification and differentiation, we used an embryonic and early
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postnatal hypothalamic development gene expression atlas
(Shimogori et al., 2010) to identify gene regulatory candidates.
Several recent studies indicate that Lhx2 may play an important
role in aspects of hypothalamic development, but its potential
role in tanycyte development is unknown. Both our group and
others have observed robust Lhx2 expression in embryonic ante-
rior and ventrotuberal hypothalamic neuroepithelium (Porter et
al., 1997; Shimogori et al., 2010; Ha¨gglund et al., 2011; Roy et al.,
2013), as well as adult hypothalamic tanycytes (Lee et al., 2012).
By embryonic day (E) 15.5, Lhx2/ knock-outs show severe
morphological defects in the hypothalamic median eminence
(Zhao et al., 2010), a region whose structural integrity is main-
tained by the radial process of tanycytes. Since Lhx2 is broadly
expressed (Porter et al., 1997; Shimogori et al., 2010) and
Lhx2/ mice die by E15.5, the role of Lhx2 in later stages of
hypothalamic development has not been investigated.
We investigated the role of Lhx2 in tanycyte development
using an intersectional genetic strategy to selectively delete Lhx2
in the ventrobasal hypothalamic neuroepithelium. We found
that neuronal specification was unaffected in these animals, but
terminal differentiation of hypothalamic tanycytes was dis-
rupted. We further observed that Lhx2 promotes tanycyte devel-
opment by directly activating andmaintaining expression ofRax,
a homeodomain factor essential for tanycyte development
(Miranda-Angulo et al., 2014). The study gives insight into how
this important, but still poorly characterized, cell type is specified
during development.
Materials andMethods
Animals. Pregnant CD-1 mice were obtained from Charles River Labo-
ratories. The following mice (of either sex) were used: Foxd1-Cre and
R26-tmRtmG mice were purchased from The Jackson Laboratory; Rax-
CreERT2 mice were generated in the corresponding author’s laboratory,
and are detailed in Pak et al. (2014); Lhx2lox/lox mice were provided by
Edwin Monuki (University of California, Irvine), and GLAST-CreERT2
mice were provided by Jeremy Nathans (Johns Hopkins University
School ofMedicine);Nkx2.1-Cre transgenicmice (Xu et al., 2008), which
express Cre recombinase under the control of the Nkx2.1 promoter/
enhancer regions, were a generous gift from Dr. Stewart Anderson. All
mice used in these studies were maintained and killed according to pro-
tocols approved by the Institutional Animal Care and Use Committee at
the Johns Hopkins School of Medicine.
Tamoxifen-induced Cre activation. For the induction of Cre recombi-
nase activity, 4-hydroxytamoxifen (4-OHT; Sigma-Aldrich) was pre-
pared by sonicating in absolute ethanol to a concentration of 40 mg/ml.
Dissolved 4-OHT in ethanol was vortexed with corn oil (Sigma-Aldrich)
to a final concentration of 10 mg/ml, followed by evaporating of the
ethanol using vacuum centrifugation. The 0.2mg of 4-OHT/corn oil was
intraperitoneally injected to double heterozygote RaxCreERT 2 for each
day from postnatal day (P) 1 to P3. The mice were killed at P14 and then
used for the immunohistochemistry. GLAST-CreERT2;Lhx2lox/lox mice
were delivered intraperitoneal tamoxifen injections for 5 d beginning at
P4, receiving 1 mg of tamoxifen on days 1–3 and 2 mg of tamoxifen on
days 4 and 5. For both genotypes, mice were killed at P14 and processed
for immunohistochemistry.
Fluorescent immunohistochemistry. Fluorescent immunohistochem-
istry on perfused free-floating section brain tissue was performed on
cryosectioned tissue as previously described (Lee et al., 2012, 2013).
Fluorescent immunohistochemistry on fresh-frozen sections (see Fig.
8A–C) were performed in the following manner: brains were quickly
dissected out and frozen on dry ice in O.C.T. (optimal cutting tempera-
ture) mounting medium (Tissue-Tek, Sakura). Antibodies used in the
described studies were the following: rabbit anti-GFP (1:1000; Invitro-
gen); chicken anti-GFP (1:500, Aves Laboratory); chicken anti-vimentin
(1:1500, Millipore); rabbit anti-Sox2 (1:1500; AB5603, Millipore Biosci-
ence Research Reagents). Double and triple staining was visualized with
Alexa Fluor 488-conjugated, Alexa Fluor 555-conjugated, Alexa Fluor
568-conjugated, Alexa Fluor 594-conjugated, or Alexa Fluor 633-
conjugated secondary antibodies (1:500; Invitrogen). 4,6-Diamidino-2-
phenylindole (DAPI) was used as a nuclear counterstain, unless
otherwise noted.
All free-floating section immunohistochemical data shown was im-
aged and photographed on a Zeiss Meta 510 LSM confocal microscope.
Fresh-frozen section immunohistochemical data was imaged and pho-
tographed on a Zeiss Axioskop-2.
In situ hybridization. In situ hybridization on fixed brain tissue (Fig. 1;
see Figs. 3, 4K–N, 6I–BB, 8E–J ) was performed as described previously
(Shimogori et al., 2010). In addition, in situ hybridizationwas performed
on fresh-frozen brain tissue (Fig. 2) as previously described (Blackshaw
and Snyder, 1997).
Histology. Coronal sections of the tuberal region of the hypothalamus
were collected from bregma 1.28 to bregma 2.30, and ISH analysis
was matched by hypothalamic nuclei to ensure the same anatomical
positions were compared. Coronal sections were collected from fresh-
frozen brains (unfixed) at 25 m for fresh-frozen ISH protocol (Black-
shaw and Snyder, 1997). For perfused and immersion fixed brain tissue,
40 m coronal brain sections were collected and used with the perfused
and immersion fixed ISH protocol (Shimogori et al., 2010).
Chromatin immunoprecipitation. CD-1 mice (Charles River) were
killed at P7 according to Johns Hopkins Institutional Animal Care and
Use Committee animal policies. Whole dissected hypothalami were dis-
sociated in a collagenase I suspension, cross-linked in freshly made 1%
formaldehyde, and quenched in 125 mM glycine. The extracted nuclei
were sheared to produce 100–500 bp range by means of probe sonica-
tion. Chromatin was immunoprecipitated by using goat anti-Lhx2 anti-
body (Santa Cruz Biotechnology, SC-19344-C20) or the related isotypic
control (AbCam ab37373), retained on agarose beads (Invitrogen),
washed, and purified by organic extraction.
The Rax regulatory regions previously identified by chromatin immu-
noprecipitation (ChIP)-Seq analysis of retinal tissue [unpublished; distal
promoter: 7011 bp upstream of the transcription start site (TSS); proxi-
mal promoter: 2204 bp upstream of the TSS; distal sequence: 3589 bp
downstream of the TTS] were evaluated for enrichment by quantitative
PCR and expressed as percentage of input recovery in the treated sample
over the isotypic control (see Fig. 7).
Transmission electron microscopy. Six mice (three mutant and three
control animals) were perfused with 0.9% saline, followed by 2% para-
formaldehyde (PFA) and 2.5% glutaraldehyde (GA). Brains were then
removed and postfixed overnight in the same fixative. Two hundred
micrometer coronal sectionswere cutwith a vibratome (Leica), postfixed
in 2% osmium tetroxyde for 2 h, dehydrated in crescent concentrations
of ethanol, and embedded in Durcupan ACM resin (Sigma-Aldrich).
Semithin sections (1.5m)were obtainedwith a diamond knife using an
ultramicrotome (Ultracut UC-6, Leica) and stained with 1% toluidine
blue. To perform the ultrastructural study, ultrathin sections (60–70
nm) were cut and stained with lead citrate (Reynold’s solution).
For the immunogold procedure, additional six mice (three mutant
and three control animals) were perfused with 0.9% saline, followed by
4% PFA and 0.5% GA and then, postfixed in 4% PFA overnight. One
hundred micrometer coronal sections obtained with a vibratome were
cryoprotected in 25% saccharose and freeze-thawed (3) in methylbu-
tane. Sections were washed in PB, blocked in 0.3% bovine serum
albumin-C (BSA) and incubated in primary chicken anti-vimentin anti-
body (Abcam; 1:500 for 3 d at 4°C). Sections were washed in PB, blocked
in 0.5%BSA and 0.1% cold-water fish-skin gelatin (ElectronMicroscopy
Sciences) 1 h and incubated in colloidal gold-conjugated secondary an-
tibody (1:50; goat anti-chicken IgG gold UltraSmall, Electron Micros-
copy Sciences) for 24 h at room temperature. Sections were washed in PB
and 2% sodium acetate. Silver enhancement (Aurion R-gent Silver en-
hancer kit, Electron Microscopy Sciences) was performed (following
manufacturer’s directions) and washed again in 2% sodium acetate. To
stabilize silver particles, samples were immersed in 0.05% gold chloride
(Sigma-Aldrich) 10 min at 4°C, washed in sodium thiosulfate, then
washed in PB, and postfixed in 2% GA for 30 min. Sections were con-
trasted with 1% osmium tetroxyde and 7% glucose, and processed as
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previously described for transmission electron microscopy. Semithin
sections were selected at the light microscope based on immunolabeling
and re-embedded for ultrathin sectioning at 60–70 nm. For all samples,
photomicrographs were obtained under a transmission electron micro-
scope FEI Tecnai G2 Spirit (FEI Europe) using a Morada digital camera
(Olympus Soft Image Solutions).
Cell quantification. Average neuronal cell counts across three sections
forNpy and five sections for Pomcwere calculated for each animal. These
averages were then used to calculate means for Npy and Pomc. Npy-
positive and Pomc-positive cells were those cells that colabeled with
probe signal and DAPI. All sections were blinded before counting.
Statistical analyses. Data are expressed as mean  SEM. The signifi-
cance of differences was tested by Student’s t test with post hoc Tukey’s
test (2means). The number of experiments (n) performed and p values
are reported in the figure legends. Differences were considered signifi-
cant for p 0.05.
Results
We observe enriched expression of Lhx2 mRNA in embryonic
hypothalamic neuroepithelium (Shimogori et al., 2010) and in
tanycytes of adult animals (Lee and Blackshaw, 2012; Lee et al.,
2012). However, previous studies were performed on sagittal sec-
tions and lacked analysis of early postnatal time points (Shi-
mogori et al., 2010). Therefore, we performed an ISH time course
analysis from E12.5 to P14 using coronal sections at the level of
developing tuberal hypothalamus (Fig. 1).Weobserved thatLhx2
mRNA is selectively expressed in the ventricular zone of hypo-
thalamic epithelium at E12.5, matching the pattern seen for hy-
pothalamic progenitor-specific mRNAs (Shimogori et al., 2010;
Fig. 1A–C, black arrowhead). This ventricular expression pattern
of Lhx2 persisted through E14.5 (Fig. 1D–F) and P0.5 (Fig. 1G–
I). At P14,Lhx2mRNA is confined to the cells that line the ventral
portion of the third ventricle, which tracks closely with the dis-
tribution of hypothalamic tanycytes (Fig. 1J–L). Based on these
findings, we hypothesize that Lhx2 is selectively expressed in hy-
pothalamic progenitor cells and tanycytes.
This expression pattern in embryonic hypothalamic neuroep-
ithelium raises the possibility that Lhx2might regulate specifica-
tion of hypothalamic neurons or glia. To address this question,
we avoided the embryonic lethality seen in Lhx2/mice (Porter
et al., 1997) by generating Nkx2.1-Cre;Lhx2lox/lox mice (Fig.
1M,N). The Nkx2.1-Cre transgene is first expressed at E9.5 in
posteroventral hypothalamic neuroepithelium and in the medial
and caudal ganglionic eminences, which give rise to telencephalic
interneurons (Xu et al., 2008; Carney et al., 2010). Analysis of
Nkx2.1-Cre;R26lacZ mice (Soriano, 1999), which expressed
-galactosidase under the ubiquitous Rosa26 promoter follow-
4
Figure 1. Nkx2.1-Cre;Lhx2lox/lox mice show selective loss of Lhx2 mRNA in posteroventral
hypothalamic progenitors. A–L, Black arrows indicate Lhx2mRNA expression in hypothalamic
ventricular zone at E12.5 (A–C), at E14.5 (D–F), at P0.5 (G–I), and at P14 in hypothalamic
tanycytes (J–L).M, Domains of both Nkx2.1 (red) and Lhx2 (blue) expression in a sagittal view
of E12.5 forebrain are shown with regions of overlap indicated in purple. Expression data ob-
tained from Shimogori et al. (2010).N, Schematic and diagram for Nkx2.1-Cre;Lhx2lox/lox inter-
sectional loss of function in ventrobasal hypothalamus. O, Nkx2.1-Cre;R26lacZmice reveal that
the Nkx2.1-Cre transgene is broadly active in developing posteroventral hypothalamus. Red
arrow indicates the dorsal extent of Cre activity, in the developing zona incerta. P–AA, Condi-
tional loss of function of ventrobasal hypothalamic Lhx2 in Nkx2.1-Cre;Lhx2lox/lox mice at E12.5
(P–R), E14.5 (S–U), and P0.5 (V–X), and in P14 tanycytes (Y–AA). Red arrows in Y and Z
indicate selective loss of Lhx2 mRNA from the ventricular zone of ventrobasal hypothalamus.
Scale bars: A–I, O–X, 500m; J–L, Y–AA, 200m. ArcN, Arcuate nucleus; CGE, caudal gan-
glionic eminence; DMH, dorsomedial hypothalamus; DTh, dorsal thalamus; Hy, hypothalamus;
POA, preoptic area; PvN, paraventricular nucleus; SON, supraoptic nucleus; VMH, ventromedial
hypothalamus; 3V, third cerebral ventricle.
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ing Cre-dependent excision of a transcriptional stop cassette in
Nkx2.1-expressing cells, revealed that cells of the tuberal hypo-
thalamus were extensively -galactosidase positive by E15.5, but
the driver was not active in anterior hypothalamic structures,
such as the paraventricular and supraoptic nuclei (Fig. 1O).
Based on this fate mapping, we used this intersectional genetic
strategy to selectively eliminate Lhx2 expression in developing
tuberal hypothalamus. In Nkx2.1-Cre;Lhx2lox/lox mice, we ob-
served that loss of Lhx2mRNA expression was already detectable
in tuberal hypothalamic progenitors at E12.5, although expres-
sion in rostral hypothalamic and sensory thalamic progenitors
remained unaffected (Fig. 1P–R). By E14.5, Lhx2 mRNA was
absent from tuberal hypothalamic progenitors, and remained
undetectable thereafter (Fig. 1S–AA).
Nkx2.1-Cre;Lhx2lox/lox mice were viable and appeared healthy
at birth; however, given extensive expression of Lhx2 in hypotha-
lamic progenitors and the importance of Lhx2 in development of
neurons in other CNS regions, we first hypothesized that there
would be defects in neuronal specification in the Lhx2-deficient
region.We examined expression ofmarkers of tuberal and lateral
hypothalamic neuronal subtypes at P14. Surprisingly, given the
importance of Lhx2 in development of neurons in other CNS
regions, we did not observe any changes in the lateral hypotha-
lamicmarkerHcrt (Fig. 2A,B); the number of cells expressing the
ventromedial hypothalamic nucleus markers Bdnf, SF-1,Nkx2.1,
and Esr1 (Fig. 2C–J); or the arcuate nucleus markers Gad67, TH,
Cart, Ghrh, Npy, Agrp, and Pomc (Fig. 2K–V). Although no de-
fects were observed in either regional identity or neuronal speci-
fication, the organization of the ventral tuberal hypothalamus
was abnormal. We observe that the separation of the ventrome-
dial hypothalmus and arcuate nucleus was poorly defined in
Nkx2.1-Cre;Lhx2lox/loxmice (Fig. 2W,X), and that the arcuate nu-
cleus was compressed along the dorsoventral axis and extended
laterally (Fig. 2V, black arrow).
We and others previously show that RaxmRNA is selectively
expressed starting at E14.5 in the region of hypothalamic neuro-
epithelium that gives rise to tanycytes (Shimogori et al., 2010; Lu
et al., 2013), and thatRax regulates tanycytedevelopment (Miranda-
Figure 2. No defects were observed in hypothalamic regional identity or neuronal subtype specification in Nkx2.1-Cre;Lhx2lox/lox mutants. In situ hybridization of cell type-specific markers in
arcuate nucleus (ArcN), ventromedial hypothalamic nucleus (VMH), and the lateral hypothalamus (LH).Nkx2.1-Cre;Lhx2lox/loxmutants and Lhx2lox/lox controls at P14.A–V, LH (A–B), VMH (C–J), and
ArcN (K–V)markers are still expressed at normal levels inNkx2.1-Cre;Lhx2lox/loxmutants, although cell organizationwithin the ArcN is partially disrupted (U,V, black arrow).W, X, DAPI nuclear stain
of themediotuberal hypothalamus (quantification ofmRNA-positive neurons/brain hemisection expressed asmean SEM: Npy: Lhx2WT, 187.8 15.1; Lhx2 cKO, 200.4 14.7, p 0.57, N
5; Pomc: Lhx2WT, 235.8 13.2; Lhx2 cKO, 217.2 20.7, p 0.47, N 5). Scale bars: A, B, 500m; C–X, 200m. ArcN, Arcuate nucleus; DMH, dorsomedial hypothalamic nucleus; LH, lateral
hypothalamus; vlVMH, ventrolateral ventromedial hypothalamus.
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Angulo et al., 2014). In addition, expression of Rax is dependent on
Lhx2 in the developing retina (Roy et al., 2013). Since the disorga-
nized region we observed in the tuberal hypothalamus borders
tanycyte-rich regions of the third ventricle (Fig. 2S,T; Millhouse,
1971; Rodríguez et al., 2005), we hypothesized that Lhx2 regulates
tanycyte development by activating expression of Rax.
We next investigated whether expression of tanycyte-specific
genes, such as Rax, Gpr50, and Dio2 (Shimogori et al., 2010; Lee
Figure 3. Nkx2.1-Cre;Lhx2lox/loxmice show selective loss of selectivemarkers of hypothalamic tanycytes and ventral expansion of ependymal cell markers.A–D, RaxmRNA expression is identical
in Lhx2lox/lox andNkx2.1-Cre;Lhx2lox/loxmice at E12.5 (A,B), although amodest reduction inGpr50 expression is observed in ventral hypothalamic progenitors at this timepoint (C,D). E–H, The black
arrow indicates the region in which reduction of Grp50 mRNA is lost from hypothalamic ventricular cells beginning at E14.5 in Nkx2.1-Cre;Lhx2lox/lox mice. The black arrow indicates loss of Rax
expression,while the red arrow indicatesGpr50 expression in developing neurons of the dorsomedial hypothalamus that is not affected in themutant. I, J,Dio2, a later-onsetmarker of2 tanycytes
of themedian eminence, is absent fromNkx2.1-Cre;Lhx2lox/loxmice at P0.5.K–P, Juvenile (P14)Nkx2.1-Cre;Lhx2lox/loxmice showselective loss of tanycytemarkersRax,Gpr50, andDio2.Q–T, Ventral
expansion of Foxj1 and Rarres2 into the  tanycytic zone is also observed (black arrow). Scale bars: A–J, 500 m; K–P, 200 m; Q–T, 50 m. ArcN, Arcuate nucleus; DMH, dorsomedial
hypothalamic nucleus; Hy, hypothalamus; ME, median eminence; VMH, ventromedial hypothalamic nucleus; 3V, third cerebral ventricle.
Figure 4. Alteredexpressionof radial glialmarkers andNotchpathwaygenes inNkx2.1-Cre;Lhx2lox/loxmice.A–J, Immunolabeling for Sox2 (purple), GFAP (red), vimentin (green), andDAPInuclear stain (blue) in the
ventrobasal hypothalamus of P14 Lhx2lox/lox (A–E) andNkx2.1-Cre;Lhx2lox/loxmice (F–J). Sox2 expression ismaintained in ventricular cells in both genotypes (A,F). GFAP staining in control animals (B) is restricted to1
tanycytesand thesubependymal layerof themedianeminence. Lossof functionof Lhx2 causeswidespreadGFAPexpressionalong the thirdventricle tanycyteswithabundantbasalprocesses (G).Vimentin is expressed in
tanycytes in both genotypeswith radial processes visible inmutantmice (C,H). However, basal processes showabnormal trajectories inmutant tanycytes (H, yellowarrowhead). Nuclear counterstainwithDAPI labeling
demonstratethatthethirdventricularwall isthickerinNkx2.1-Cre;Lhx2lox/lox (I)relativetoLhx2lox/loxmice(D).K–N,ExpressionofbothNotch1andNotch2mRNAisreducedinNkx2.1-Cre;Lhx2lox/lox (M,N)relativetoLhx2lox/lox
mice(K,L).Notch1expressionisselectivelyretainedinthe2tanycyticzone(redarrow).Scalebars:A–J,50m;K–N,100m.ArcN,Arcuatenucleus;ME,medianeminence;3V,thirdcerebralventricle.
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Figure 5. Aberrant cytoarchitecture of the third ventricle in the absence of Lhx2. A, A control ventricle semithin section in the region of the median eminence stained with toluidine blue. B, In
matched sections, mutant mice exhibited a hypertrophic infundibular recess (large black arrowheads). In addition, cilia plumes cover most of the third cerebral ventricle (3V) surface (small black
arrowheads). C, The2 tanycyte region in control mice is a monolayer (dashed line) composed of elongated nonmulticiliated tanycytes. Conversely, Lhx2mutants show a stratified ventricle wall
(dashed line) composed of both multiciliated and nonmulticiliated cells (black arrowheads). E, F, The 2 region in control animals is consistently composed of uniciliated tanycytes (D), while
flattenedmulticiliated tanycytes (asterisks) form the2 region inmutantmice (F). Black arrowheads correspond to cilia.G, High-magnification picture of a uniciliated tanycyte in control2 region,
with a basal body in the base of its cilium (white arrow) and a perpendicular centriole (black arrow), a characteristic feature of uniciliated cells. High-magnification picture of themutant ventricle in
the region of themedian eminence showing amulticiliated cell with basal bodies corresponding to1 cilia (white arrowheads).H, Structures with the nine-plus-twomorphology characteristic of
motile cilia are also observed (black arrowhead). I, Immunogold staining against vimentin showing vimentin-positive multiciliated tanycytes in Nkx2.1-Cre;Lhx2lox/lo x mice, represented by basal
bodies (white arrowheads). J, K, These aberrant tanycytes contact blood vessels through their vimentin-positive foot processes (J) and axons (K), (Figure legend continues.)
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and Blackshaw, 2012; Lee et al., 2012), was disrupted in Nkx2.1-
Cre;Lhx2lox/loxmice.We observed that expression ofRax does not
differ from controls at E12.5 (Fig. 3A,B), althoughGpr50mRNA
showed amodest reduction in expression by E12.5 (Fig. 3D, black
arrow). Both Rax and Gpr50 showed substantially reduced ex-
pression in tuberal hypothalamic progenitors of mutant mice
beginning at E14.5 (Fig. 3F,H, black arrow), although expression
of Gpr50 in immature neurons within the dorsomedial hypotha-
lamic nucleus was unaffected (Shimogori et al., 2010; Fig. 3H, red
arrowhead). Expression of Dio2, which was first detectable in 2
tanycytes of wild-type mice at P0.5, was likewise not detected in
tanycytes of Nkx2.1-Cre;Lhx2lox/lox mice (Fig. 3J). Rax, Gpr50,
andDio2mRNAwere all undetectable in tanycytes of P14mutant
mice (Fig. 3K–P). At this time point, we also observed ventrally
expanded expression of the transcription factor Foxj1, a master
transcriptional regulator of multiciliated ependymal cell-specific
genes (Fig. 3Q,R; Yu et al., 2008; Choksi et al., 2014). Similarly, we
noted a ventral expansion of the ependymal cell marker Rarres2,
which was also observed to a less severe extent in Rax haploinsuf-
ficient mice (Fig. 3S,T; Miranda-Angulo et al., 2014).
To determine whether tanycytes were absent or had under-
gone a cell fate change in the hypothalamic ventricular zone of
Nkx2.1-Cre;Lhx2lox/loxmice, we performed immunohistochemis-
try at P14 for proteins expressed in both radial glia and tanycytes
(Fig. 4).Weobserved by immunohistochemical staining that cells
lining the ventrobasal third ventricle continued to express radial
glialmarkers, such as Sox2 and vimentin, and that at least a subset
of cells retained radial morphology (Fig. 4A,F,C,H). However,
mutant animals demonstrated a myriad of abnormalities. For
instance, while  tanycytes of wild-typemice did not showGFAP
immunoreactivity (Rodríguez et al., 2005; Fig. 4B), an expansion
of GFAP immunoreactivity to radial cells in the arcuate and me-
dian eminence was observed in mutant animals (Fig. 4G). In
addition, the basal processes of 1 tanycytes, which normally
terminate at the pial surface and regulate blood–hypothalamic
barrier function (Mullier et al., 2010), displayed abnormal trajec-
tories (Fig. 4H, yellow arrowhead). Finally, ventricular cells in
mutant animals expressed Notch1 and Notch2 mRNA at lower
levels than control mice (Fig. 4K–N; Lee et al., 2012).
Ultrastructural analysis at P14 revealed that cells that line the
ventral portion of the third ventricle in Nkx2.1-Cre;Lhx2lox/lox
mice exhibited characteristics of both tanycytes and cuboidal
ependymal cells. In themutant third ventricle wall, it was difficult
to delineate the different hypothalamic regions observed in con-
trol animals due to the median eminence and corresponding
compression of the infindibular recess (Fig. 5A,B). In contrast to
wild-type mice, in which the nuclear morphology of  tanycytes
was elongated (Fig. 5C, black asterisk), cells in the tanycyte zone
in mutant animals showed cuboid morphology (Fig. 5D, white
asterisk) along with a clear thickening of the ventricle wall (Fig.
5D). This thickening ventricular wall stands in contrast to the
phenotype observed in Rax haploinsufficient mice, where a thin-
ning of ventricular wall is observed (Miranda-Angulo et al.,
2014). Notably, multiciliated cells were interspersed in this re-
gion that contains only uniciliated cells in wild-type animals (Fig.
5D, black arrowheads).  Tanycytes in the median eminence
demonstrated even more pronounced morphological changes.
While wild-type animals exhibited elongated nuclear morphol-
ogy similar to that of  tanycytes (Fig. 5E), cells in this region in
mutant mice displayed flattened and horizontally distended cell
bodies and nuclei (Fig. 5F, white asterisk). These cells also re-
vealedmultiple cilia, never detected in this region in controlmice
(Fig. 5F, black arrowheads), as demonstrated by the observation
of multiple basal bodies with characteristic features. Further-
more, these cilia exhibited a nine-plus-two morphology charac-
teristic of motile cilia, in sharp contrast to the nonmotile primary
cilia of tanycytes (Fig. 5G,H).
Despite these morphological differences, mutant cells re-
tained a number of tanycyte-like features, including an enlarged
Golgi apparatus, radial glial-like morphology, and vimentin ex-
pression in foot processes that made direct contacts with blood
vessels and neurons (Fig. 5I–K). Themedian eminence displayed
cytoarchitectural changes that imply considerable disorganiza-
tion characterized by increased volume and large intercellular
spaces (Fig. 5L,O). This increase in volume may be responsible
for the hypertrophy of the infundibular recess seen in mutant
mice, and the obliterated ventricle lumen in the region where
multiciliated  tanycytes and uniciliated  tanycytes were appo-
sitioned (Fig. 5P,Q). These observations are summarized in Fig-
ure 5R. Thus, these dramatic changes in ultrastructure imply that
loss of Lhx2 function selectively compromised terminal differen-
tiation of hypothalamic tanycytes. Lhx2 prevented radial cells
from adopting a number of morphological and molecular char-
acteristics of cuboid ependymal cells, but was not required for
their survival or for maintenance of their radial morphology.
Since robust Lhx2 expression is maintained in differenti-
ated tanycytes (Fig. 1J–L; Lee et al., 2012), we next sought to
determine whether Lhx2 was required to maintain tanycyte
identity in the postnatal period. We assessed this using two
different conditional Cre lines prominently expressed in adult
tanycytes. The first of these is the RaxCreERT2 line (Table 1), in
which a tamoxifen-inducible Cre is expressed from the endog-
enous first coding exon of the Rax gene (Pak et al., 2014).
Paralleling the endogenous expression of Rax, this Cre was selec-
tively active in developing tanycytes in neonatal mice (Fig. 6A,C–
H). RaxCreERT2;Lhx2lox/lox mice and littermate controls were
intraperitoneally administered 4-OHT from P1 to P3. At P14, we
found that these animals showed a substantial loss of Lhx2
mRNA expression in all classes of tanycytes, although some
4
(Figure legend continued.) as seen in control animals. L, N, Relative to control mice (L), mutant
animals display a hyperplastic median eminence (N, white arrowheads). M, At the ultrastruc-
tural level, the median eminence of control mice has few intracellular spaces. O, In contrast,
mutantmedian eminence appears as a disorganized hypocellular layer, withmultiple and large
intercellular spaces (black asterisk). P, Hyperplasia of the median eminence into the ventricle
leads to compression of the infundibular recess, so that 2 tanycytes directly contact 2
tanycytes, thereby reducing the ventricle lumen to a virtual cavity (dashed white line). Q,
High-magnification picture of this region shows a uniciliated cell from the2 region opposite a
multiciliated cell from 2 region. Black arrowheads indicate cilia. R, Schematic drawing of
ventricle in coronal section in the region of the median eminence showing the distribution of
cell types in the ventricular zone of the 3V. Scale bars: A,B, 50m; C,D, 5m; E, F, 10m;G,
200 nm;H, 500 nm; I, 1m; J, 500 nm; K, 1m; L, N, 250m;M, O, 1m; P, 5m; Q, 500
nm. Bv, Blood vessel.
Table 1. List of Cre lines used for this study
Cre line Where expressed
When
active Reference
Nkx2.1-Cre Posterioventral hypothalamus E9.5 Xu et al., 2008
Foxd1-Cre All hypothalamus and prethalamus 	E9.5 Humphreys et al., 2008; this
study
Rax-CreER T2 All tanycytes P1.5* Pak et al., 2014
Glast-CreER T2 Alpha tanycytes P4.5* de Melo et al., 2012; Robins
et al., 2013
*Age at which tamoxifen is first administered.
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Lhx2-positive cells were still detected in hypothalamic neuro-
epithelium (Fig. 6 I, J ). We observed a complete loss of expres-
sion of the tanycyte markers Rax, Gpr50, and Dio2 (Fig. 6O–
Q). We also detected an extension of Rarres2 expression, an
ependymal cell marker, into the 2 tanycyte region of the
arcuate nucleus (Fig. 6M,R).
As a second parallel approach to ascertain whether Lhx2
was required to maintain tanycyte identity in the postnatal
period, we generated a slightly later loss of Lhx2 function in
tanycytes using the Glast-CreER transgene (Table 1), which is
selectively expressed in  tanycytes (Robins et al., 2013). Fol-
lowing 4-OHT injections delivered from P4 to P10 to Glast-
CreER;Lhx2lox/lox mice, we examined Lhx2 and tanycyte
marker expression at P14. We observed that Lhx2 mRNA ex-
pression was greatly reduced in  but not  tanycytes (Fig.
6S,X ), as would be expected from the use of this transgenic
driver. Expression of tanycytic markers Rax and Gpr50 were
also selectively lost in  but not  tanycytes (Fig. 6T,Y,U,Z),
while Dio2 expression, which is restricted to  tanycytes, was
unaffected (Fig. 6V,AA). In contrast to the embryonic loss of
function of Lhx2 seen in Nkx2.1-Cre;Lhx2lox/lox and RaxCre-
ERT2;Lhx2lox/lox mice given 4-OHT at earlier postnatal time
points, we did not observe a ventral expansion of the ependy-
mal marker Rarres2 in Glast-CreER;Lhx2lox/lox mice (Fig.
Figure 6. Lhx2 is necessary for postnatal development andmaintenance of tanycyte identity. A, B, Schematic illustrating CreER-dependent activation of tdTomato expression and Lhx2
excision. C–N, Immunostaining for DsRed, Sox2, and vimentin shows selective activation of RaxCreER in hypothalamic tanycytes. Neonatal (Rax-CreERT2;Lhx2lox/lox) deletion of Lhx2 leads
to partial loss of Lhx2 expression (I, N). A limited level of mosaic expression is detected in the  tanycytic zone in mutant mice (N, black arrow). O–Q, Loss of Lhx2 disrupts tanycytic
expression of Rax (O), Gpr50 (P), and Dio2 (Q). R, Ventral expansion of Rarres2 expression into the2 tanycytic zone is also observed resulting from Rax haploinsufficiency (black arrow).
S–BB, Early postnatal deletion of Lhx2 (Glast-CreER;Lhx2lox/lox) also leads to selective loss of expression of Lhx2 in  tanycytes (X, black arrow), Rax (Y), Gpr50 (Z), and Dio2 (AA). BB,
However, Rarres2 mRNA expression is not expanded ventrally. Scale bars: C, F, I–BB, 200m; D, E, G, H, 70m.
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6W,BB). These data imply that Lhx2 is required for mainte-
nance of tanycyte identity following the early postnatal period,
but is not required for repression of ependymal cell identity.
Given the similarities between the phenotypes of Lhx2-
deficient and Rax-haploinsufficient tanycytes (Miranda-Angulo
et al., 2014) and the requirement of Lhx2 tomaintainRax expres-
sion in retinal progenitor cells (Roy et al., 2013), we hypothesized
that Lhx2 directly activates Rax expression in tanycytes. To ad-
dress this question,we performed aChIP-qPCRassay using chro-
matin from P7 hypothalamus, targeting candidate Lhx2 binding
sites in evolutionarily conserved candidate regulatory regions of
Rax. We observe that Lhx2 directly bound to two different evo-
lutionarily conserved putative cis-regulatory sequences within 15
kb of the transcribedRax locus (Fig. 7A,B), strongly implying that
Lhx2 directly activates Rax transcription in hypothalamic
tanycytes.
These data suggest that Lhx2 controls tanycyte differentia-
tion at least in part by directly maintaining expression of Rax
in developing tanycytes. To determine whether developmental
loss of function of Rax phenocopied the loss of function of
Lhx2, we generated hypothalamus-specific Rax mutants and
examined the effects on both Lhx2 expression and tanycyte
development in neonatal mice. We accomplished this using
Foxd1-Cre mice (Table 1), in which a Cre recombinase has
been nondisruptively knocked into the endogenous Foxd1 lo-
cus (Humphreys et al., 2008). Our group and others have
previously observed that Foxd1 mRNA is selectively and
broadly expressed in early prethalamic and hypothalamic pro-
genitors, but is absent from telencephalic progenitor cells
(Hatini et al., 1996; Shimogori et al., 2010). By generating
Foxd1-Cre;tmRtmG mice, we observed that Cre-induced GFP
expression is observed throughout the hypothalamus and
prethalamus, but is absent from other brain regions in the
adult (Fig. 8A–D). We then generated Foxd1-Cre;Raxlox/lox
mice and characterized the expression of Lhx2 and tanycyte-
specific markers at P0.5. Rax mRNA is lost from the hypotha-
lamic ventricular zone, along with Lhx2 and the tanycyte
marker Gpr50 (Fig. 8E–J ). These data demonstrate a mutually
interdependent requirement for Lhx2 and Rax expression in
embryonic hypothalamus, and show that both Lhx2 and Rax
are essential for tanycyte specification.
Figure7. Lhx2 directly regulatesRax expression in postnatal hypothalamus.A, Candidate Lhx2 binding sites locatedwithin 15 kb of theRax locus, obtained from theUniversity of California Santa
Cruz Genome Browser. Evolutionary sequence conservation is indicated in blue. The consensus Lhx2 binding site, as determined by protein-bindingmicroarray analysis, is indicated for each region
where a candidate binding site is found. The sequence of these sites is shown below. The three test amplicons used in this study are indicated as RaxTTS (3 of transcription termination site),
Rax-PP (Rax proximal promoter), and Rax-DP (Rax distal promoter). Rax-NR, Negative control amplicon that lacks a candidate Lhx2 binding site.B, ChIP-qPCR analysis demonstrates that Lhx2 binds
to candidate Lhx2 target sites adjacent to the Rax locus in P7 hypothalamus. Signal is shown normalized relative to conspecific IgG controls. n.s., Not significant. p 0.056; *p 0.05; **p 0.01.
Figure8. Loss ofRax function leads to loss of both Lhx2and tanycytemarker expression. Cre-inducedGFP reporter expression in Foxd1-Cre;tmRtmGmice showsbroadand selective labelingof cells
in hypothalamus and prethalamus of adultmice (A–C).D, Schematic representation of Foxd1-Cre activity in the hypothalamus, adapted fromShimogori et al. (2010). E–J, Embryonic deletion ofRax
(Foxd1-Cre;Raxlox/lox) eliminates Lhx2 expression and blocks tanycyte development (E, F), as can be seen by the corresponding loss of Rax and Gpr50 expression (G–J). AH, Anterior hypothalamus;
ArcN, arcuate nucleus; CGE, caudal ganglionic eminence; DMH, dorsomedial hypothalamic nucleus; DTh, dorsal thalamus; Hy, hypothalamus; LH, lateral hypothalamus; MB, mamillary body; ME,
median eminence; ON, optic nerve; PrTh, prethalamus; RetN, thalamic reticular nucleus; SN, substantia nigra; VMH, ventromedial hypothalamic nucleus; ZI, zona incerta; 3V, third cerebral ventricle.
Scale bars: A–C, 500m; E–J, 200m.
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Discussion
Radial glial cells lining the embryonic ventricular neuroepithe-
lium not only serve as progenitors for many neurons and glial
cells soon after birth, but also give rise to adult neural stem cells
that continue to produce neurons throughout adult life (Camp-
bell and Go¨tz, 2002; Merkle et al., 2004). In virtually all areas of
the adult CNS, however, radial glia are absent, and instead mul-
ticiliated cuboid ependymal cells line the cerebral ventricle walls.
An exception to this is the ventrobasal hypothalamus and other
circumventricular organs, whose ventricular cells are enriched
for tanycytes, a specialized radial glial-like cell type. Like adult
neural stem cells found in neurogenic niches of the hippocampus
and the lateral ventricles, hypothalamic tanycytes also continue
to express stem-specific and progenitor-specific genes into adult-
hood (Lee and Blackshaw, 2012; Lee et al., 2012), and a subset of
these tanycytes remain as neural progenitors exhibiting limited
neurogenic potential (Lee et al., 2012, 2013, 2014; Haan et al.,
2013; Robins et al., 2013). Potential uses of these hypothalamic
neural progenitor cells include transplantation for cell re-
placement (Czupryn et al., 2011) and/or the activation of en-
dogenous cells to promote self-repair (Pierce and Xu, 2010;
Lee and Blackshaw, 2014). Furthermore, tanycytes regulate
metabolism and body weight through other mechanisms, in-
cluding through transport of leptin and regulation of the
blood–hypothalamus barrier (Langlet et al., 2013; Balland et
al., 2014). To understand precisely how tanycytes maintain
these characteristics, it is necessary to better understand the
transcriptional regulatory networks that control tanycyte-
specific gene expression.
Transcriptional regulatory networks that are active in adult
neural progenitors often mirror those seen in embryonic and
early postnatal progenitors in the same brain regions (Ming and
Song, 2011; Hsieh, 2012). With this in mind, we examined the
transcriptional factors involved in the developmental specifica-
tion of tanycytes. In this study, we showed that selective loss of
Lhx2 in both embryonic and postnatal hypothalamus disrupted
terminal differentiation of tanycytes, eliminating expression of
tanycyte-specific genes, such as Rax (Miranda-Angulo et al.,
2014) and Gpr50 (Shimogori et al., 2010). Lhx2-deficient hypo-
thalamic ventricular cells survived and retained radial morphol-
ogy, but upregulated expression of GFAP, much like what is
observed in Lhx2-deficient retinal Muller glia (de Melo et al.,
2012). Loss of Lhx2 in hypothalamic neuroepithelium led to
tanycytes becoming multiciliated, presumably as a result of ec-
topically expressing Foxj1, a master transcriptional regulator of
multiciliated ependymal cell-specific gene expression (Brody et
al., 2000; Stubbs et al., 2008; Yu et al., 2008). Upregulation of
ependymal cell markers was not seen following postnatal loss of
Lhx2 function, however. This implies that Lhx2 is necessary to
repress Foxj1 expression during initial stages of tanycyte spec-
ification, but is only required to maintain expression of
tanycyte-specific genes during postnatal development. Figure
9 summarizes these results.
Genetic analysis and ChIP-qPCR revealed that Lhx2 directly
bound to sites in evolutionarily conserved putative cis-regulatory
sequences of Rax, and thus strongly suggests direct activation of
Rax transcription (Fig. 7). While Rax-haploinsufficient mice ex-
hibit modest abnormalities in tanycyte development and func-
tion (Miranda-Angulo et al., 2014), we now show that mice in
which Rax expression in hypothalamic progenitors was fully dis-
rupted (Fig. 8) lack any detectable expression of tanycyte-specific
marker genes, much like what was observed in Lhx2-deficient
animals (Figs. 3, 6).
In sharp contrast to its role in retinal neurogenesis (Gordon et
al., 2013; Roy et al., 2013), Lhx2 is not required to maintain Rax
expression during the peak period of neurogenesis in ventrotu-
beral hypothalamus, which lasts from E11 to E14 (Shimada and
Nakamura, 1973; Shimogori et al., 2010). Likewise, Nkx2.1-Cre;
Lhx2lox/lox mice did not show defects in specification of tuberal
hypothalamic neurons (Fig. 2), in sharp contrast toRax-deficient
mice (Lu et al., 2013). We thus conclude that Lhx2 plays a central
but highly selective role in tuberal hypothalamus development:
driving the specification and terminal differentiation of hypotha-
lamic tanycytes, by maintaining their expression of Rax. These
findings reinforce the tremendous degree of context dependence
in Lhx2 function (Monuki et al., 2001; Rhee et al., 2006; Richter et
al., 2006; Mangale et al., 2008; Yun et al., 2009; de Melo et al.,
2012; Gordon et al., 2013; Roy et al., 2013), and highlights the
need for biochemical studies to identify cofactors that mediate
these diverse cell-specific and stage-specific developmental ac-
tions of Lhx2.
This work identifies a key new component of the transcrip-
tional circuitry regulating hypothalamic tanycyte identity, and
provides an entry point toward identifying additional regulators
of tanycyte proliferation, differentiation, and function. Further-
more, this mechanistic knowledge will improve our understand-
ing of how these specialized cells regulate metabolism and energy
balance. Aswith studies of hypothalamic developmentmore gen-
erally (Caqueret et al., 2005; Blackshaw et al., 2010; Pearson and
Placzek, 2013), this will potentially provide important insights
into the pathogenesis of metabolic and homeostatic disorders in
humans.
Figure9. Model for action of Rax and Lhx2 in control of tanycyte development. Rax is required for initial expression of Lhx2 in ventrobasal hypothalamic progenitors. Lhx2 is later directly required
to maintain Rax expression in tanycyte progenitors, which then acts to promote tanycyte differentiation while repressing multiciliated ependymal cell identity. Defects in tanycyte development
resulting from loss of Lhx2 are partially mediated by defective expression of Rax.
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